Specific expression and regulation of glucose transporters in zebrafish ionocytes
; doi:10.1152/ajpregu.00180.2009.-Glucose, a carbohydrate metabolite, plays a major role in the energy supply for fish iono-and osmoregulation, and the way that glucose is transported in ionocytes is a critical process related to the functional operations of ionocytes. Eighteen members of glucose transporters (GLUTs, SLC2A) were cloned and identified from zebrafish. Previously, Na ϩ ,K ϩ -ATPase-rich (NaR), Na ϩ -Cl Ϫ cotransporter-expressing (NCC), H ϩ -ATPase-rich (HR), and glycogen-rich (GR) cells have been identified to be responsible for Ca 2ϩ uptake, Cl Ϫ uptake, Na ϩ uptake, and the energy deposition, respectively, in zebrafish skin/gills. The purpose of the present study was to test the hypothesis of whether GLUT isoforms are specifically expressed and function in ionocytes to supply energy for ion regulatory mechanisms. On the basis of translational knockdown of foxi3a/3b (2 transcriptional factors related to the ionocytes' differentiation) and triple in situ hybridization/ immunocytochemistry, 3 GLUT isoforms, zglut1a, -6, and -13.1, were specifically localized in NaR/NCC cells, GR cells, and HR cells, respectively. mRNA expression of zglut1a in embryos and adult gills were stimulated by the low Ca 2ϩ or low Cl Ϫ freshwater, which has been previously reported to upregulate the functions (monitored by epithelial Ca 2ϩ channel, NCC mRNA) of NaR/NCC cells, respectively while that of zglut13.1 was stimulated only by low Na ϩ , a situation to upregulate the function (monitored by carbonic anhydrase 15a mRNA) of HR cells. On the other hand, ambient ion compositions did not affect the zglut6 mRNA expression. Taken together, zGLUT1a, -6, and 13.1, the specific transporters in NaR/NCC cells, GR cells, and HR cells, may absorb glucose into the respective cells to fulfill different physiological demands. mitochondrion-rich cells; ion transport; environment; adaptation; epithelium PASSIVE DIFFUSION OF GLUCOSE transporters (GLUTs) facilitates the passage of monosaccharides across plasma membranes of animal cells, a key process in carbohydrate metabolism (2) . In mammals, GLUTs are distributed in every cell of the body, and their roles in glucose homeostasis have been thoroughly studied in various tissues and cells, including the liver, brain, muscles, adipose tissue, and pancreatic ␤-cells (46) . So far, at least 14 GLUT isoforms have been reported in mammals, and these isoforms possess similar hexose transport functions but show tissue/cell-specific expression patterns (20) .
Teleosts, ectothermic vertebrates, are capable of regulating their physiological mechanisms to cope with fluctuating aquatic environments. Acclimation to environments with diversified ionic compositions can induce modulations in iono-and osmoregulatory mechanisms by regulating the expression and function of the related ion transporters in osmoregulatory tissues and ionocytes (9, 18) , and modulations of these physiological processes require a timely and additional energy supply (4, 18) . Carbohydrate metabolism appears to play a major role in the energy supply for ionoand osmoregulation, and the liver is the major source supplying carbohydrate metabolites to osmoregulatory organs (44) . By examining the glucose levels in plasma and the related metabolic enzyme activities in the liver and gills, fish were found to enhance glucose export via mobilizing glycosyl units from liver glycogen and thus increased the use of exogenous glucose in gills during salinity acclimation (33, 35) . According to recent studies by Tseng et al. (42) and Chang et al. (4) , gills also deposit glucose (from the circulatory system) as glycogen in a specific group of cells, glycogen-rich (GR) cells, and degrade the stored glycogen to provide emergency energy supplies for gill ionocytes during acute salinity challenge. Taken together, the way that glucose is transported in gills is a critical process related to energy supply and metabolism as well as the subsequent operations of ion regulation in fish during acclimation to harsh environments. However, very few studies have dealt with this issue. Several paralogs of GLUTs have been identified in fish. Immunoreactions with anti-mammalian GLUT1 antibodies were detected only in the brain and heart of Nile tilapia (Oreochromis nilotica) (48) . Molecular cloning was used to identify orthologs of the mammalian and/or avian GLUT1-4 in fish species, including rainbow trout (Oncorhynchus mykiss) (22, 23, 30, 32, 38) , sea bass (Dicentrarchus labrax) (39) , common carp (Cyprinus carpio) (37) , grass carp (Ctenopharyngodon idellus) (50), Atlantic cod (Gadus morhua) (14) , coho salmon (Oncorhynchus kisutch) (3), and zebrafish (Danio rerio) (19) . However, it is unclear whether other GLUT isoforms exist in fish, and little is known about the GLUTs and their functional roles in energy supply for osmoregulatory regulatory organs and ionocytes.
The purpose of the present study was to test the hypothesis of whether there are GLUT isoforms that are specifically expressed and function in fish gill cells to supply energy for ion regulatory mechanisms. Zebrafish (D. rerio) were selected as the experimental model because of their advantages of a well-developed genetic database and the applicability of various molecular/cellular physiological approaches. Recent serial molecular physiological studies proposed a model for ion regulation in zebrafish gills/skin. In this model, there are three types of ionocytes: H (8, 16, 18, 26, 29) . In the present study, the following experiments were conducted: 1) prediction, identification, and phylogenetic analysis of members of zebrafish GLUT (zGLUT) families; 2) monitoring of the expression patterns of zGLUT isoforms in different tissues and localization in zebrafish and gills; 3) identification of zGLUT members that are specifically expressed in skin/gill epithelial cells; and 4) investigation of the effects of environmental ionic compositions on the messenger (m)RNA expressions of zGLUT isoforms in gill epithelial cells.
MATERIALS AND METHODS

Animals
Zebrafish (D. rerio) brood stocks at the Institute of Cellular and Organismic Biology, Academia Sinica, (Taipei, Taiwan) were kept in local tap water at 28°C under a 14:10-h light-dark photoperiod. Fertilized eggs were collected within 30 min after fertilization and incubated in petri dishes until the desired developmental stages. Experimental protocols were approved by the Academia Sinica Institutional Animal Care and Utilization Committee (approval no. RFIZOOHP220782).
Acclimation Experiments
Zebrafish larvae or adult fish were reared in five kinds of artificial freshwater: 1) high (10 mM) Na ϩ and low (0.04 mM) Cl
Freshwaters were prepared by adding appropriate amounts of NaCl, Na2SO4, MgSO4, K2HPO4, KH2PO4, and CaSO4 to double-deionized water (model Milli-RO60; Millipore, Billerica, MA). The ionic compositions of the media were confirmed by measuring the Na ϩ , K ϩ , Ca 2ϩ , and Mg 2ϩ concentrations with an atomic absorption spectrophotometer (model Z-5000; Hitachi, Tokyo, Japan) and that of Cl Ϫ with a spectrophotometer (Hitachi U-2000). The pH of the media was kept at 6.5-6.9, and the water temperature was 28.5°C. Zebrafish larvae and adults were acclimated for 5 and 7 days, respectively, in the above-described artificial freshwaters. All animals showed normal behaviors during the acclimation period and were used for the subsequent experiments. During the experiments, the media were changed daily to maintain water quality.
Cloning and Bioinformatic Analysis
Peptide sequences from other species (teleosts were given a higher priority) were used to BLAST the genome databases (NCBI and Ensembl Genome Browser system) for zebrafish, tetradon (Tetraodon nigroviridis), pufferfish (Fugu rubripes), and Japanese medaka (Oryzias latipes) for a comprehensive search for glut genes. Putative full-length or partial open reading frames of zebrafish GLUT homologs obtained from the genome were carefully confirmed by the EST (expressed sequence tag) database. Specific primers were designed for cloning and the RT-PCR analysis. PCR products thus obtained were subcloned into a pGEM-T Easy vector (Promega, Madison, WI), and the nucleotide sequences were determined with an ABI 377 sequencer (Applied Biosystems, Warrington, UK). Sequence analysis was conducted with a BLASTx program (NCBI).
To verify the membership of identified candidates in the core GLUT family, the deduced amino acid sequences of cloned zebrafish GLUTs were aligned with ClustalX together with all known GLUT protein sequences available in public databases and subjected to phylogenetic inferences using the Neighbor-joining method. Ten thousand bootstrap replicate analyses were carried out with Mega3.1 (23) . Physical gene maps of verified glut loci were scaled based on assemblies of the Ensembl Genome Browser. Genes located up-and downstream of glut genes in these loci were blasted against mammalian genomes to determine the highest score. For the protein structure analysis, transmembrane protein predictions were conducted based on the physicochemical properties (i.e., hydrophobicity, charge, and distribution) of zGLUTs amino acid residues and their sequences using the HMMTOP and TMpred (15a) and SOSUI (15) programs.
Whole Mount in situ Hybridization and Immunocytochemistry
For in situ hybridization, 1-phenyl 2-thiourea at a final concentration of 0.003% was added to prevent melanogenesis. Digoxigenin-or dinitrophenol-labeled (Perkin-Elmer, Boston, MA) RNA probes were synthesized by in vitro transcription with T7 and SP6 RNA polymerase (Takara, Shiga, Japan). Whole mount in situ hybridization was performed as previously described (40) . Staining was conducted with the nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate system. Fluorescence in situ hybridization was conducted with a commercial kit (TSA Plus Fluorescence Systems; Perkin-Elmer). Hybridization signals detected by the digoxigenin-labeled RNA probes were amplified through fluorescein-tyramide signal amplification (TSA), while cyanine 3-TSA was used for the dinitrophenol-labeled probes. Images were taken with a stereomicroscope (model SZX12, Olympus, Tokyo, Japan) equipped with a digital camera (model DP70; Olympus).
For double staining of NaR, HR, and GR cells, zebrafish larvae were anesthetized on ice and fixed with 4% paraformaldehyde in PBS (pH 7.4) for 3 h at 4°C. After being rinsed with PBS, the larvae were postfixed and permeabilized with 70% ethanol at Ϫ20°C for 10 min. After being washed with PBS, samples were incubated with 3% BSA for 30 min to block nonspecific binding. Larvae were then incubated overnight at 4°C with a Na ϩ , K ϩ -ATPase (NKA) ␣5 monoclonal antibody (mAb; Developmental Studies Hybridoma Bank, University of Iowa, Ames, IA), and a polyclonal antibody (pAb) against the A subunit of killifish H ϩ -ATPase (HA) (21) , and/or an anti-glycogen mAb (1) . After being rinsed with PBS for 20 min, larvae were further incubated in goat anti-rabbit immunoglobulin G (IgG) conjugated with FITC and/or goat anti-mouse IgG conjugated with Texas Red (diluted 1:100; Jackson Immunoresearch Laboratories, West Grove, PA), for 2 h at room temperature (26 -28°C) .
Translational Knockdown of foxi3a/b
The antisense morpholino oligonucleotides (MOs) obtained from Gene Tools (Philomath, OR) used against foxi3a and foxi3b following the method of Hsiao (17) as: foxi3a MO, 5Ј-TCTTCCCGTTTCTCTT-TGTTGAAGG-3Ј at 0.5 mM/embryo and foxi3b MO, 5Ј-CTCGATC-CTGAGGGTGCTCCAGTTG-3Ј at 0.5 mM/embryo. Danieau's solution at 1ϫ [58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO 4, and 0.6 mM Ca(NO3)2] was used to dilute all morpholino stocks for the injections. The MO solution contained 0.1% phenol red, which was used as a visualizing indicator and was injected into zebrafish embryos at the 1-to 2-cell stage using an IM-300 microinjector system (Narishigi Scientific Instrument Laboratory, Tokyo, Japan). Antisense MO-injected embryos at 72 h postfertilization (hpf) were collected for the following experiments.
Real-Time Quantitative PCR
Total RNA was extracted and reverse-transcribed from larvae and adult gills of zebrafish as described above. mRNA expressions of target genes were measured by quantitative PCR (qPCR) with an ABI Prism 7000 sequence analysis system (Applied Biosystems, Foster City, CA). Primers for all genes were designed (see Supplemental  Table S1 published with online version of this article) using Primer Express software (version 2.0; Applied Biosystems). PCRs contained 3.2 ng of cDNA, 50 nM of each primer, and the Universal SYBR Green master mix (Applied Biosystems) in a final volume of 20 l. All qPCR reactions were performed as follows: 1 cycle of 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min (the standard annealing temperature of all primers). Table 2 (available with online article). The unannotated proteins of tetraodon, pufferfish, and Japanese medaka were obtained from the Ensembl database. ENSDART, GSTENT, SINFRUT, and ENSORLT indicate the symbols of Ensembl transcript ID of zebrafish, tetraodon, pufferfish, and Japanese medaka, respectively. Consensus trees were generated using the neighbor-joining method with the pairwise deletion gap calculating option. The results were confirmed by 10,000 bootstraps. The unit of scale bar is the number of amino acid substitutions per site. PCR products were subjected to a melting-curve analysis, and representative samples were electrophoresed to verify that only a single product was present. Control reactions were conducted with sterile water to determine levels of the background and genomic DNA contamination. The standard curve of each gene was confirmed to be in a linear range with ribosomal protein L13a as an internal control.
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Statistical Analysis
Values are presented as means Ϯ SD and compared using Student's t-test or one-way ANOVA (with Tukey's pairwise comparison).
RESULTS
Genomic Prediction, Identification, Phylogenetic Analysis, and Gene Structures of zGLUTs
Based on the sequence database from the various genomes and EST projects, zGLUT family members, including some novel ones, were predicted, cloned, and sequenced. Conducting the multiple sequence alignment and phylogenetic (neighbor-joining) analysis with orthologs of other species, 18 members of the zGLUT family were annotated, and the relationships of these zglut genes to the other known vertebrate orthologs were elucidated (Fig. 1, Supplemental Table S2 ). The complete cDNA sequences of the zGLUT coding regions were ϳ1,400 -1,800 bp (Fig. 2) . In the phylogenetic tree (Fig. 1) , the zglut1, -9, and -11 isoforms all had three isoforms (a, b, and c) and zglut13 had two isoforms (13.1 and 13.2), while there is only one isoform in the respective mammalian counterpart. In addition, orthologs of the mammalian glut4, -7, and -14 were not found in zebrafish after the whole genome survey.
According to the identification of mammalian GLUTs (15a), the zebrafish orthologs were also classified into three subclasses (43): subclass I: zGLUT1ϳ4; subclass II: zGLUT5, -7, -9a, -9b, -9c, -11a, -11b, and -11c; and subclass III: GLUT6, -8, -10, -12, 13.1, and -13.2. The commercial software, GeneDoc (Pittsburgh, PA), was used to analyze the alignment of the amino acid sequences. Compared with zGLUT1a, there were only 42-81%, 20 -36%, and 18-23% identities to classes I, II, and III, respectively (Table 1) . zGLUTs share relatively low identities with each other, but show high similarities (76 -88%) in the main hydrophobic transmembrane domains and sugar-transporting regions (10, 20) .
To further identify these novel zebrafish GLUT-like genes, comprehensive searches were performed to confirm these orthologs and compare their genomic locations based on their genome sequence databases (Fig. 3) . In the genome sequences of zebrafish, each isoform of zgluts was located at a respective chromosome except zglut13.1 and -13.2, which were located in the same chromosome 25. The two paralogs are tandem duplications between 28.59 mega base-pairs (Mb) and 28.71 Mb on chromosome 25, but differ in their gene structures with 9 and 10 exons, respectively (Fig. 3) . In the present study, the gene arrangements in the genomic regions encompassing gluts were also compared. As shown in Fig. 3 , zglut genes have their own respective syntenies. Comparing the gene arrangements between each zglut isoform with its mammalian counterpart (data not shown), the syntenies of glut1a, -1b, -2, -3, -5, -6, -8, -10, -12, and -13 were found to be isoform specific and conserved among vertebrates. Neighboring genes located in the conserved syntenies of the mammalian glut4, -7, and -14 were also examined in zebrafish genome databases, but no zebrafish orthologs were found. According to the above phylogenetic analysis and comprehensive genome location searches, glut4, -7, and -14 may have been lost in the zebrafish lineage.
Transmembrane Protein Topology Prediction of zGLUTs
According to the analyses with the HMMTOP, TMpred, and SOSUI programs, putative regions of transmembrane domains (TMDs) were predicted (Fig. 3) . zGLUT9c and -13.1 had nine TMDs and zGLUT13.2 had 11 TMDs, while all the other Fig. 2 . Multiple alignment of the deduced amino acid sequences of all zGLUT members. Residues in the consensus sequence that are highlighted by a black background represent absolutely conserved amino acids. Residues that are in 100% conserved, 80% or more conserved, and 62% or more conserved, are highlighted in black, dark gray, and light gray, respectively. Positions of the predicted membrane-spanning helices are indicated by numbered straight lines (TM1-12). The black dotted box denotes sites associated with sugar transport signature sites. isoforms of zGLUTs had 12 TMDs as a hallmark structure of the GLUT family identified in mammals. A large cytoplasmic loop between TMD6 and -7, a proline-containing motif (20, 46) , was also found in zebrafish GLUTs except for zGLUT9c and -13.2. According to the protein membrane-spanning topological analysis, one of the major differences among subclasses I , II, and III of the zebrafish SLC2 protein family is a long extracellular loop containing the N-glycosylation site(s) between TMD1/TMD2 and TMD9/TMD10, but the loop is between TMD6/TMD7 and TMD8/TMD9, respectively, in GLUT13.1 and -13.2 (data not shown). The hexose transportrelated sites among TMD2/TMD3, TMD3/TMD4, and TMD8/ TMD9, which were predicted in mammalian GLUTs (10), were also conserved in zebrafish orthologs (Fig. 2) .
zglut mRNA Expressions in Zebrafish
Adult tissues. Expressions of zglut mRNAs were evaluated by qPCR in different zebrafish tissues (Fig. 4) . Based on our previous reports (43) , mRNA expression of the zglut10 isoform was ubiquitous in various tissues, and the mRNAs of zglut1a, -6, and -12 were distributed in almost all tissues except the fins. On the other hand, zglut1a and -9c were predominately expressed in the skin and kidneys, respectively ( Fig. 4B ; see Supplemental Fig. S1 in the online version of this article). Relatively high expression levels of zglut2 in muscles and liver and zglut1a in the heart were also noted (Supplemental Fig. S1 ). There were 11 isoforms in the gills: zglut1a, -1b, -1c,  -2, -3, -6, -8, -10, -11b, -12, and -13.1 (Fig. 4A) . Furthermore, zglut1b, which was previously identified as glut1 by Jensen et al. (19) , was Those zglut neighboring transcripts were identified utilizing the Ensembl genome browser system. 4E-T, eIF4E transporter; Ccdc33, coiled-coil domaincontaining protein 33; CHEK2, serine/threonine-protein kinase Chk2; CSNK2A1P, casein kinase 2, alpha 1 polypeptide pseudogene; drp2, dystrophin-related protein 2; ENO1, enolase 1; FGF-17a, fibroblast growth factor 17a precursor; GPR157, G-protein coupled receptor 157; KIF21A, kinesin family member 21A; LBX1, ladybird homeobox protein homolog 1; LRRK2, leucine-rich repeat protein kinase 2; MOV10, moloney leukemia virus 10 protein; ndrg3, N-myc downstream regulated 3; NPTX1, neuronal pentraxin I; Nrarp-b, notch-regulated ankyrin repeat protein b; OTOP1, otopetrin-1; PHC2, polyhomeotic-like protein 2; prickle2, prickle-like 2; PSMD6, 26S proteasome non-ATPase regulatory subunit 6; Rap1GAP1, Rap1 GTPase-activating protein 1; RPESP, RPE-spondin; SGK1, serine/ threonine-protein kinase; SLC7A14, similar to probable cationic amino acid transporter; SMOC1, secreted modular calcium-binding protein 1; STYK1, serine/threonine/tyrosine kinase 1; sulf2, sulfatase 2; TBPL1, TATA box-binding protein-like protein 1; TGFA, transforming growth factor-␣ precursor; tnika, TRAF2 and NCK interacting kinase a; TP53RK, TP53-regulating kinase; TRAF1, TNF receptor-associated factor 1; WDR44, WD repeat protein 44. also predominantly expressed in the brain compared with the other two glut1 paralogs (Supplemental Fig. S1 ).
Larval stages. RT-PCR analysis of the mRNA expression of zgluts in developing zebrafish revealed that zglut8, -9b, and -10 were strongly expressed in embryos at 3 hpf after 30 PCR amplification cycles, and among them, only the zglut8 transcript was maintained at a nearly stable level to 168 hpf (Fig. 5) . In subsequent experiments, specific RNA probes were designed to conduct whole mount in situ hybridization of the 18 zglut isoforms (Fig. 6) . In zebrafish larvae at 72 hpf, in situ signals of zglut1a, -1b, and -1c were particularly prominent in the intestinal bulb, otic vesicle, and pronephric duct, respectively (Fig. 6, A-C) . As shown in Fig. 6, D, E, H, and K, zglut2, -3, -8 , and -9c transcripts were all detectable in both the otic placode and somites. Strong staining in the central nervous system was observed for zglut2, -3, -8, -9c, -10, -11a, -11c, and -12 (Fig. 6, D 
, E, H, K, L, M, O, and P).
In addition, signals of zglut5, -6, -9a, -9b, and -13.2 were visible in regions around the liver (Fig. 6, F, G, J,  K, and R) . On the other hand, only zglut1a (Fig. 6A), -6 (Fig. 6G) , and -13.1 (Fig. 6Q ) mRNA signals were found in gills and a specific group of cells scattered on the yolk sac and body skin, showing a "salt-and-pepper" expression pattern similar to that of skin ionocytes in larval zebrafish (8, 17, 26, 29) .
Effects of Knockdown of foxi3a/b on zglut Expressions
Translational knockdown of foxi3a and -3b, which can inhibit the occurrence of ionocytes, was conducted to determine the specific GLUTs expressed by zebrafish ionocytes. After injection with specific MOs of foxi3a and -3b, mRNA expressions of only zglut1a, -6, and -13.1 were found to have significantly decreased in foxi3a/foxi3b morphants (Fig. 7) , indicating that a part of the mRNAs of those three glucose transporter isoforms was expressed in zebrafish ionocytes.
Localization of zglut mRNAs in Ionocytes in Zebrafish Larvae
To identify the cell types that specifically express zglut1a, -6, and -13.1 mRNAs, subsequent triple labeling for zglut mRNA, zebrafish Na ϩ -Cl Ϫ cotransporter gill form (znccg) mRNA, NKA, and HA was conducted. As shown in Fig. 8 , A-C, a portion of zglut1a (ϳ37%, n ϭ 5) was colocalized with NKA (i.e., in NaR cells) but never with HA (i.e., in HR cells). Part of the zglut1a mRNA signals were colocalized with neither NKA nor HA, indicating the coexpression of zglut1a in another type of ionocyte. The subsequent RNA double fluorescence in situ hybridization for zglut1a and znccg was further conducted. Similarly, only part of the zglut1a mRNA signals (ϳ56%, n ϭ 5) was colocalized with znccg mRNA in larval skin as shown in Fig. 6, D-F . Apparently, not all of the zglut1a mRNA signals were colocalized with either NKA or znccg mRNA, implying the existence of another type of ionocyte coexpressing zglut1a in zebrafish skin. In contrast with zglut1a, zglut13.1 mRNA signals with a "salt-and-pepper" pattern on the yolk sac were only colocalized with HA (Fig. 9, A-C) . Whole mount in situ hybridization also detected zglut6 mRNA signals in a specific group of epithelial cells in zebrafish larval skin (Fig. 10, A and D) ; however, zglut6 mRNA was colocalized with neither NKA nor HA in larval skin (Fig. 10, A-C) . Instead, zglut6 mRNA was localized in GR cells, which were labeled with a specific glycogen antibody (Fig. 10, D-F) .
Effects of Environmental Ion Concentrations on mRNA Expressions of zglut1a, -6, -13.1 and an Ionocyte Marker in Zebrafish Larvae and Gills
According to the above results, zglut1a, -6, and -13.1 were expressed in NaR/NCCs, HR, and GR cells, respectively. Further experiments were designed to test whether expressions (by qPCR analysis) of these three novel zglut isoforms and the ionocytes' ion transporters or enzymes in larvae are regulated by changes in ambient ionic compositions, which were previously reported to affect the uptake of various ions (18, 27) . As shown in Fig. 11A , levels of zglut1a transcripts exhibited a significant increment (of about 2-fold) in a low-Cl Ϫ environment with 120 hpf of acclimation based on a comparison between H-Na-L-Cl and H-Na-H-Cl treatments. The mRNA expression of zglut6 showed no significant changes among all groups, H-Na-L-Cl, H-Na-H-Cl, and L-Na-L-Cl, indicating no effect of environmental Na ϩ or Cl Ϫ levels on zglut6 expression (Fig. 11B) . On the other hand, in larvae acclimated to low-Na ϩ medium for 120 hpf, the mRNA expression of zglut13.1 increased approximately fourfold, based on a comparison between H-Na-L-Cl and L-N-L-Cl (Fig. 11C) . Since zglut1a and -13.1 expressions were stimulated by low-Cl Ϫ and -Na ϩ media, respectively as described above, further experiments were designed to test whether acclimation to low-Cl Ϫ or -Na ϩ medium also stimulated the mRNA expressions of the relevant ion transporter or enzyme. Following the zglut1a and -13.1 experiments, znccg mRNA expression was enhanced by about 2.7-fold in low-Cl Ϫ medium (by comparing H-Na-L-Cl and H-Na-H-Cl) (Fig. 11D) , and zebrafish carbonate anhydrase (zca15a) mRNA expression was stimulated by approximately threefold in low-Na ϩ medium (by comparing H-Na-L-Cl and L-Na-L-Cl) (Fig. 11E) .
Adult zebrafish gills were also used to test whether transcripts of zglut1a, -6, and -13.1 were affected by environmental ionic variations as occurred in larvae. Interestingly, expression of zglut1a in gills also increased about twofold in a low-Cl Ϫ environment (H-Na-L-Cl) compared with a high-Cl Ϫ environment (H-Na-H-Cl) (Fig. 12A) . Transcription of gill zglut13.1 in a low-Na ϩ circumstance (L-Na-L-Cl) was about 5.5-fold higher than that in a high-Na ϩ one (H-Na-L-Cl) (Fig. 12C ). In parallel with the results in larvae, zglut6 mRNA expression in gills was not affected by ambient Na ϩ and Cl Ϫ compositions (Fig. 12B) .
Subsequent experiments were designed to test whether environmental Ca 2ϩ , which was previously reported to affect Ca 2ϩ uptake function, also regulates the mRNA expressions of the three novel zglut isoforms and the Ca 2ϩ uptake-related transporters. As shown in Fig. 13A , low-Ca 2ϩ medium stimulated the expressions of the epithelial calcium channel (zecac) and zglut1a in zebrafish larvae, but did not affect those of the other two zglut isoforms, zglut6 and -13.1, compared with high-Ca 2ϩ medium. Similar results were also found in the mRNA expressions of zecac and zgluts in adult gills after acclimation to low-and high-Ca 2ϩ media (Fig. 13B) .
DISCUSSION
Full-length cDNAs of 18 novel zglut isoforms were explored and sequenced from zebrafish in the present study. On the basis of the phylogenetic analysis, zebrafish GLUT1 (zGLUT1a, Fig. 6 . Whole mount in situ hybridization of zGLUTs in zebrafish embryos at 72 hpf. We found zglut1a, -6, and -13.1 mRNA signals in the gill region and the skin of body and yolk sac. Scale: 100 m. -1b, and -1c), -9 (zGLUT9a, -9b, and -9c), and -11 (zGLUT11a, -11b, and -11c) all have three newly annotated isoforms, while zGLUT13 has two paralogs, zGLUT13.1 and -13.2, which were tandem duplication in chromosome 25 of zebrafish (Figs. 1 and 3 ). Gene duplication in GLUTs was demonstrated in other species. In rainbow trout (O. mykiss), two distinct GLUT1 paralogs, onmyglut1a (AAF75681) and -1b (AAF75682), were identified (13, 35) . In humans, GLUT11 was determined to have three different alternative spliced forms, hGLUT11a, -11b, and -11c (36, 38) . Moreover, GLUT4, -7, and -14 were not found in zebrafish within inner groups of the relevant clade in the phylogenetic tree (Fig. 1 ). In the current genome databases of other teleosts, including tetraodon (T. nigroviridis), pufferfish (T. rubripes), and Japanese medaka (O. latipes), phylogenetic analysis data found no relevant orthologs clustered in GLUT4. However, in coho salmon (O. kisutch) (3), brown trout (Salmo trutta) (32) , and Atlantic cod (G. morhua) (13) , GLUT4 orthologs were annotated and clustered in the GLUT4 clade. Those previous studies merely examined genes in target tissues in which mammals also express GLUT4 genes, and whether the nomenclatures are proper remains to be clarified by conducting whole genomic surveys in those fish species. Taken together, whole genomic surveys in model animals (such as zebrafish) with an extensive genetic database are a more powerful approach to uncover unidentified isoforms.
By comparing the topological structures with mammalian GLUTs (20) , zGLUTs were found to share similar characteristics with the orthologs of mammals at the deduced amino acid sequences. According to the previous study (10) and Prosite database information, three signature sites of GLUTs were predicted in zGLUTs (Fig. 2) . However, some differences between the mammalian and zebrafish GLUTs were noted. Mammalian GLUTs all have 12 TMDs, a hallmark structure of the mammalian GLUT family, while not all 18 isoforms of zGLUT have 12 structural TMDs. So far, no data are available to accurately analyze the membrane-spanning regions or the sugar transport activity of mammalian GLUT9. Mammalian GLUT9, with the highest sequence similarity with the fructose transporter, GLUT5, was detected in the kidneys and small intestine (31) . zGLUT9c was found to have nine TMDs and to be abundantly expressed in the kidneys with a lower level in the brain (43) . In addition, zGLUT13.1 and -13.2 comprise nine and ten exons, respectively, and were identified as tandem duplications in chromosome 25 of zebrafish (Fig. 3) . Topological structural patterns of these two zebrafish paralogs differ from that of the mammalian counterpart. On the basis of functional expression and analysis in Xenopus oocytes, mammalian SLC2A13 was deemed to be an H ϩ -coupled myoinositol symporter (45) . In mammals, SLC12A13, which was detected in both astrocytes and neurons, does not transport glucose or related hexoses, but transports the major osmolyte, myo-inositol (45) . Predominant expression of H ϩ -coupled myo-inositol symporter in the central nervous system suggests a key role in the control of myo-inositol metabolism in the brain (46) . Both zebrafish SLC2A13 orthologs have fewer than 12 TMDs. zGLUT13.1 lacks one segment that may participate in hexose transport between TMD8 and -9 (Fig. 2) ; however, a long extracellular loop that might be responsible for posttranslational glycosylation still exists in both zGLUT13.1 and -13.2. Further functional expression and analysis in Xenopus oocytes may provide new insights into these two novel zebrafish isoforms.
According to the results of the RT-PCR (43) and whole mount in situ hybridization, glut isoforms showed different expression patterns in zebrafish tissues, and each organ expressed more than one glut paralog (Figs. 4 and 6) . Similarly, protein and/or mRNA of more than one GLUT isoform were detected in the brains of mammals (5, 24, 46) . In mammals, GLUT1, -3, and -4 were reported to be abundant in the brain, whereas GLUT2, -5, and -8 showed relatively low levels (5, 7). By immunocytochemistry with specific antibodies, GLUT1 was detected in astrocytes and blood vessels, GLUT3 was identified as a neuron-specific glucose transporter, GLUT4 was found in neurons of the hippocampus and subiculum CA3 region, and GLUT5 was expressed in microglia (5, 11, 24, 28) . On the other hand, zglut1a, -6, -10, -12, and -13.1 were found to be expressed in almost every organ examined (except the fins), implying the importance of these isoforms in maintaining glucose homeostasis. In the intestines, the abundant expressions of zglut5 and -9a, two members of GLUT class II, which can transport fructose, can be inferred as a characteristic of fructose transport in that organ. Expression patterns of some GLUT isoforms in various tissues appear to be species dependent. When GLUT2 is taken as an example, the mRNA expression was particularly high in the hypothalamus and hindbrain of rainbow trout (O. mykiss), suggesting a role in the glucosensing pathway (34) , while the expression in zebrafish brain was relatively low (compared to other tissues). In addition, the glut2 expression was low in muscles of Atlantic cod (G. morhua), supporting a minor role of Cori cycle in fish muscle energy metabolism (14) . However, the conversion of lactate to glucose via the Cori cycle was up to 35% in the resting eels, indicating a substantial involvement of the Cori cycle in the eel muscles (6) . In the present study, the high zGLUT2 expression in zebrafish muscle is noteworthy, and its physiological significance remains to be studied in the future.
Generally, each organ is composed of multiple types of cells, which are responsible for their respective functions. The physiological significance of the differential expressions of multiple GLUT isoforms in an organ can be explored by analyzing the specific expressions and functions of each GLUT isoform at the cellular level, as we did in subsequent in vivo experiments on some novel GLUT isoforms. Two duplicated forkhead transcription factors, foxi3a and foxi3b, were demonstrated to be master regulators for differentiation and specification of skin/gill ionocytes in zebrafish (17) , and translational knockdown of foxi3a/b was found to suppress both the occurrence of ionocytes and the transcripts of genes expressed in ionocytes. foxi3a/b Morphants showed downregulation of the transcripts of zglut1a, -13.1, and -6, indicting a part of the expressions of these zglut isoforms in ionocytes. This was further supported by the subsequent triple in situ hybridization/immunocytochemistry experiments in which transcripts of zglut1a, -13.1, and -6 were localized in NaR/NCC, HR, and GR cells, respectively. The present results for the first time demonstrate that NaR, HR, and NCC cells as well as GR cells express respective types of glucose transporters. This implies the possibility that the three transporters may subtly differ in their glucose trans- port capacities or kinetics, and thus fulfill the energy needs required to carry out the respective physiological functions in NaR, HR, NCC, and GR cells. Our subsequent experiments provided evidence to support this notion.
Since zglut13.1 is expressed in zebrafish HR cells, the transporter is hypothesized to absorb glucose to provide energy to drive Na ϩ uptake, a function of HR cells (16, 27, 49) . Supporting this hypothesis, only acclimation to a low-Na ϩ environment stimulated Na ϩ uptake and the related transporter/enzyme expressions in HR cells (27, 49) and also upregulated the expression of zglut13.1. Furthermore, zglut1a was expressed in either NaR or NCC cells, which are proposed to be responsible for Ca 2ϩ and Cl Ϫ uptake, respectively in zebrafish (18, 25, 29, 47) . Accordingly, only the zglut1a transcript was found to be stimulated by low-Cl Ϫ and -Ca 2ϩ media, which were indicated to enhance Ca 2ϩ and Cl Ϫ uptake (and the related transporters' expressions), respectively (18, 25, 29, 47) . On the contrary, acclimation to environments with different ionic compositions did not affect the expression of zglut6. We found zglut6 to be expressed in GR cells, but never in ionocytes. This indicates that zglut6 is not directly associated with the functioning of ionocytes but is responsible for transporting glucose into GR cells, which deposit glucose in the form of glycogen (4, 42) . Taken together, zGLUT1a, -6, and -13.1, as transporters in NaR/NCC, GR, and HR cells, respectively, may be responsible for glucose transport in each cell type, and thus, provide energy demands for fulfilling the different physiological functions of those cells. To timely and sufficiently provide glucose to different ionocytes and GR cells, these zGLUTs may have to be differentially regulated in their expression and/or function, or to transport glucose with different kinetics. In mammalian brain, GLUT1-5 have been functionally studied thoroughly and known by their specific roles in respective types of cell. For instance, GLUT3 is expressed in the neurons and reveals a higher affinity for glucose transport (K m , ϳ1.4 mM), while GLUT2 is expressed in the astrocytes and shows a lower affinity (K m , 10 -17 mM) (5, 7, 12, 46) . 
Perspectives and Significance
A model for carbohydrate energy substrate transport among ionocytes and GR cells is proposed. Systemic energy supplied by the liver is transported to various ionocytes and GR cells via their specific zGLUTs to achieve their respective physiological demands. Further functional analysis of the novel zGLUTs by morpholino knockdown or overexpression in Xenopus laevis oocytes should be conducted to examine their transport characteristics and kinetic properties. The neuroendocrine control of GLUT's expression and function in fish should also be taken into consideration. Moreover, another important issue is to determine whether any other type of metabolite transporter (e.g., the sodium/glucose cotransporter SGLT or SLC5A2) is expressed and functions in fish skin/gill epithelial cells, which are involved in iono-and osmoregulatory mechanisms in fish.
